of cholesterol in the body [2] . The determination of the cholesterol levels in the human blood becomes the necessity to avoid above mentioned life threatening diseases.
A potentiometric cholesterol sensor developed by Israr et al. [3] using the aqueous chemically synthesized ZnO nanowall structures on a thin aluminum wire followed by electrostatic immobilization of cholesterol oxidase on the nanowalls which holds the capability to provide better surface immobilization and grab more enzyme resulting in the better sensing ability and a rapid output response. Different methods such as, cross-linking [4], covalent bonding [5] and entrapment [6, 7] etc. are being used for the immobilization of the ChOx enzyme onto the materials depending on their crystallinity, quality and surface charge.
Stabilized polymeric lipid membranes can be excellent host matrices for maintenance and transduction of the activity for the number of biochemically selective species such as enzymes, antibodies and receptors [8] . Significant progress has recently been achieved in stabilization and analytical applications of biosensors based on lipid films. Flter-supported bilayer lipid membranes within the polymer could be stored in air for more than a month and provided responses to various analytes [9] [10] [11] . However, in this recent report, the enzyme was incorporated in the polymerization mixture after its formation by polymerization. In one of our recent papers, the polymerization process took place by using UV irradiation instead of heating the polymeric mixture at 60°C [12] . This process retained the activity of an enzyme (i.e., acetylcholinesterase), whereas heating may deactivate it. One of the most important criteria to assess the stability and possibility for the practical applications of lipid based biosensors is the capability of the storage at ambient room temperature conditions [13] . The analytical stability, reproducibility and reusability of such devices have been shown in several published research articles [14] . Moreover, a recent review article provides a detailed analysis towards the analytical applications of lipid-based biosensors [15] .
In this study, our investigations have been directed towards the fabrication of graphene with polymeric lipid membranes based electrochemical potentiometric cholesterol biosensors. The polymeric lipid membrane has been prepared through the conjugation of cholesterol oxidase along with lipid proteins having enhanced sensitivity, selectivity, electrical signal transfer communications and molecule capturing. The possibility of the practical use of the biosensor has been investigated on manually prepared cholesterol solution as well as on the real blood serum samples.
Raman spectroscopy and potentiometry were utilized to characterize the material as well as the performance of the fabricated biosensor.
Experimental procedure

Materials and solutions
Cholesterol oxidase (EC 1.1.3.6, 28 U mg -1 ) (Sigma Aldrich), cholesterol (Sigma Aldrich), dipalmitoyl phosphatidylcholine (C16:0) (DPPC) (Sigma Aldrich), Methacrylic acid (Aldrich-Chemie), ethylene glycol dimethacrylate (Aldrich-Chemie), and 2,2'-azobis-(2-methylpropionitrile) (AIBN) (Merck) were used for the preparation of the lipid mix solution without any further purification. Double-distilled water was used for all experiments and Milli-Q cartridge filtering system (Milli-Q) was utilized to obtain the water with minimum resistivity of 18 MΩ. Equimolar concentrations (0.05 M) of KH 2 PO 4 and Na 2 HPO 4 , along with a supporting electrolyte NaCl (0.9%), were mixed together to prepare the series of phosphate buffered solutions (PBS). The cholesterol stock solution was prepared in a 50 mL aqueous solution containing 1 mL of 2-propanol and 1 mL of Triton X-100 in a bath at 60ºC. Cholesterol oxidase with the concentration of 500 U mL -1 was diluted with 1×10 −2 M of tris-HCl buffer solution.
Apparatus
Micro-Raman spectra were measured in backscattering configuration on a Renishaw inVia Reflex microscope using an Ar + ion laser (λ=514.5 nm) as excitation source. The laser beam was focused onto the filter paper or the attached copper wire by means of a 50× long working distance objective. All the electrochemical experiments were carried out using a Metrohm pH meter model 744 (Metrohm Ltd., Switzerland). For the time response measurements, a model 363A potentiostat/galvanostat (EG&G Ltd., USA) was used.
Procedures
A homogeneous graphene dispersion (∼0.4 mg mL -1 ) has been obtained in N-methyl-pyrrolidone (NMP) through mild sonication for 180 hours and centrifugation at 700 rpm for 2 h. This suspension has been poured onto a copper wire (d=0.25 mm) mounted on a glass fiber filter and evaporation of the organic solvent has been carried out using a fan heater. This copper wire has been utilized to establish the connection for the extraction of voltage signals for the calibration curve. Thus, a simplistic approach of drop wise dispersion of graphene suspended in NMP solution has been utilized to scatter the graphene nanosheets on the copper wire.
The extended sonication time results in a good fraction of monolayer sheets but with smaller lateral sizes.
Previously reported technique was utilized for the preparation of stabilized polymeric lipid enzyme based sensor [12, 16] . Briefly, 0.15 mL of a mixture containing 5 mg of a DPPC was mixed with 0.070 mL of methacrylic acid, 0.8 mL of ethylene glycol dimethacrylate, 8 mg of 2,2′-azobis-(2-methylpropionitrile) and 1.0 mL of acetonitrile. The mixture was spumed with nitrogen for about 1 min and sonicated for 30 min. This mixture could be stored in the refrigerator. The preparation of the biosensor was finalized through the immobilization of the stabilized polymeric lipid membrane, which is the conjugation of the cholesterol oxidase (15 µL) and polymerization mixture (0.15 mL). The fabricated biosensor was irradiated with the ultraviolet radiations by deuterium lamp prior to the measurements.
Preparation of potentiometric cholesterol biosensor was finalized by encapsulation of the filter-supported polymerized lipid film onto the copper wire containing the graphene electrode. A scheme of the biosensor design is shown in Fig. 1. 
Results and discussion
Graphene was identified on black (dark spots) spots or surface deposits on the filter paper, as shown in the optical images of Fig. 2 . The corresponding Raman spectra exhibit the characteristic first order tangential G band (C-C) at 1582 cm -1 and the second order overtone G′ band of the graphitic layers. The double peak lineshape of the G′ band (at ~2700 cm -1 ) and its lower intensity relatively to that of the G band, indicate that these filter deposits arise from aggregates containing more than 5 graphene layers [17] , very similar to those reported for thick (~5 µm) films deposited by filtering graphene dispersions in solvents like NMP [18] .
Graphene was likewise identified on the copper wire, yielding similar Raman spectra to those detected on the filter (Fig. 3) . However, the double-peak G′ band lineshape was somewhat distorted in some cases, relative to the double peak lineshape of bulk graphite (Fig. 4) . This implies that the underlying graphene flakes may contain a lower number of graphene layers (e.g. ~5 layers). Moreover, in some cases the defectactivated D band and the combination mode D+G (or alternatively D+ G′) were observed [19, 20] as can be seen in spectrum (1) of Fig. 3 . This indicates the presence of defects either due to the contribution of the graphene edges in the laser probe spot or due to the distortion of the graphene layers via their attachment on the copper wire.
A two electrode system (stabilized polymeric lipid membrane/graphene working bioelectrode and a standard Ag/AgCl reference electrode) has been utilized to measure the potentiometric electrochemical response of the fabricated cholesterol biosensor. A quick electrochemical output response, as a function of the time, of the biosensor has been observed over the whole range of the concentrations with ~95% of the steady stable voltage signal of ~5 sec, where all the above measurements have been performed on the bases of relative potential difference (EMF) among working electrode and the reference electrode. The higher sensitivity slope curve of ~64 mV per decade for the proposed biosensor, as compared to the previously reported results [3] , is due to the immobilization of stabilized polymeric lipid membrane onto the graphene electrode, as shown in Fig. 5 .
Herein, the working mechanism for the developed potentiometric cholesterol biosensor using the stabilized polymer lipid membrane on the graphene electrode can be as illustrated: firstly the polymer lipid membrane provided a highly stable microenvironment for the immobilization of cholesterol oxidase and secondly position and consequently a highly stable 4-3.ketosteroid substance is produced as shown below :
The stable output signal is attributed to this mechanism which creates the charge environment during the oxidation of cholesterol on the surface of stabilized polymer lipid membrane. It is well known that cholesterol alters the phase structure of the polymeric mixture which exhibits a strong lipophilic structure, thus attracting cholesterol molecules towards the surface of the stabilized polymeric lipid membrane. This will increase the concentration of cholesterol biomolecules on the surface of working electrodes and a rapid oxidation results the high sensitivity of the presented biosensor. Moreover, the increased cholesterol concentration on the surface of the stabilized polymeric lipid membrane will alter the phase structure of the lipid film to more packed structure (i.e., the liquid crystalline structure becomes gel type. Therefore, it has shown increased interactions between cholesterol and the lipid molecule which also contributes in the generation of stable output voltage signal for the presented cholesterol sensor. In addition, the conjugated stabilized polymeric thin film provides an excellent surface for the biomolecules to access the graphene electrode having large surface area to volume ratio which also results into the generation of the voltage signal. Additionally, the reusability, stability and linearity of the biosensor have been checked by performing three consecutive experiments using a single bioelectrode as shown in Fig. 6 . The biosensor has been carefully soaked into PBS of pH 7.4 before and after each measurement to remove residual biomolecules from its surface. It has been noticed that the biosensor holds good chemical activity for the detection of cholesterol biomolecules until 3-4 weeks with slight change in the original chemical activity and can be used periodically; however, it should be placed at an appropriate temperature between 4 to 8ºC when not in use. The chemical activity of the cholesterol oxidase can be affected strongly by the strong acidic or basic nature of the PBS, so the effect of pH on the performance of the biosensor has been investigated in the pH range of 4.5 to 8.5; it was found that the presented biosensor reveals an optimal response at pH value of 7.0. Therefore, all the experiments have been made at pH value of 7.0. Selection of the optimum enzyme activity levels involves a compromise between cost and sensitivity considerations. Further increases of enzyme activity levels than those specified in the procedure did not result in any considerable decrease of the detection limits or improvement in the sensitivity. An amount of 15 µL of cholesterol oxidase was used in the polymerized lipid layer which corresponds to ca. 7.5 U of enzyme. This high loading of enzyme in the membranes was found to provide fast response times of 5 sec. A further increase of the cholesterol oxidase units did not further decrease the response time. The best achieved response time in the literature was 7 s [22] , however, the cholesterol oxidase units were ca. half of those presently used.
Generally, a biosensor is considered suitable for practical applications if it depicts reasonable selectivity of analytes against interfering substances, which are usually implemented from incorporating a receptor in the supporting membranes as well as from PBS. This is true also in the case of lipid membrane based biosensors and in principle the incorporation of receptor molecules in the lipid film provides the chemical selectivity, or it may even increase the sensitivity of the method. Therefore, interference studies have been performed with the presented biosensor in a competitive study, (i.e., both cholesterol and interferent together in solution) and other variety of the compounds commonly found in the real samples, i.e., commercial pharmaceutical preparations, foods, biofluids, etc. The compounds examined as interferents were: maltodextrin (100+1), dextrose (100+1), fructofuranose (100+1), ascorbic aid (100+1), lactose (10+1), sorbitol (10+1), manitol (10+1), glucose (10+1), leucine (10+1), carboxymethylcellulose (1+1), glycine (10+1), calcium phosphate (1+1), tartrate, citrate, bicarbonate and benzoate ions (10+1), calcium silicate (10+1), caffeine (10+1), urea (100+1), uric acid (1+1), creatinine (1+1) and aspartame (10+1). No significant interferences have been noticed from the presence of these compounds (i.e., the relative error in all the cases was less than 5%).
To adapt the above electrochemical sensor of cholesterol in real samples of human biofluids, matrix effects due to proteins have to be investigated and possible interferences need to be eliminated. The careful experiments using a buffered bovine serum albumin solution of concentration similar to that found in human biofluids (6-8% w/v in human serum and 50-140 mg per 100 mL in urine) are performed. The results have shown that no interference is observed for concentrations of albumin up to 500 mg per 100 mL.
Urine protein concentrations are between 100 and 200 mg L -1 urine corresponding to about 40−150 mg daily [23] . The most common protein in urine is albumin (i.e., concentration of albumin in urine is between 25 and 55 mg L -1 depending on the age and sex) [23] . The matrix effects that were due to proteins were also investigated in real samples of urine which were injected with cholesterol. No interference was observed for the concentrations of albumin up to 5.0 g L -1 . For larger concentrations, interference from albumin is observed. Therefore, these results have shown that the presented biosensor could be used for the rapid detection of cholesterol in both the human serum and the urine samples.
Lipids that are present in human biofluids may also interfere with the lipid molecules that constitute the lipid film of the electrode; however, the electrochemical experiments reveal that no significant alteration in the background membrane potential when the contaminated urine or contaminated uric acid blood serum is injected into the flow of the carrier solution. The presence of the protective effect exerted by the proteins prevents the diffusion of the lipids with bilayer lipid membrane. Since both these constituents are known to form lipoproteins, with the proteins protruding into the aqueous phase [24] .
Applications in serum samples
The capability of the biosensor for routine use has been evaluated by determining the cholesterol concentration in the blood serum samples where no pretreatment is performed except for the dilution of these samples. The measured results are satisfactory and reveal good agreement with results obtained from the biochemical analyzer in the hospital. The reliability of the biosensor for the determination of cholesterol in real samples has been examined and analytical recovery rates in the blood serum samples due to the addition of cholesterol solution is found in the range from 97-103%.
Conclusions
In this article, a facile procedure for the fabrication of highly sensitive cholesterol biosensor based on graphene electrode has been developed. A stabilized polymeric lipid membrane is utilized to immobilize the surface of the graphene electrode which not only provides suitable microenvironment for the cholesterol biomolecules to access the electrode surface with ease but also helps to enhance the sensitivity, reproducibility and selectivity of the potentiometric biosensor. The stabilized polymeric lipid membrane helps to retain the enzymatic activity, increases the biocompatibility and improves the sensitivity of the presented biosensor up to ~64 mV/decade due to its incorporation of a positively cationic charged lipid. The low cost biosensor with an appreciable reproducibility can be easily extendable for on-spot clinical diagnosis and its assembly in the portable chip could be highly useful for the unskilled user. Finally, the biosensor the graphene electrode was applied in real samples of blood serum which is useful for the clinical analysis. The limit of detection of the biosensor is ca. 10 -7 M which is lower than previously reported cholesterol biosensor devices [25] [26] [27] and sufficient for practical applications. Moreover, a fast output response of ~5 s at room temperature has been achieved. A biosensor for urea with similar improved response characteristics based on graphene electrodes appeared recently in the literature [28] .
The advantages of the present work as compared to our previous work [3] is summarized in the following:
1. The highly suitable microenvironment for the attachment of cholesterol molecules due to the same chemistry of lipid membrane and cholesterol molecules.
2. The stabilized lipid membrane has the ability to increase the lifetime of the biosensor compared to previous reported biosensors without lipid membrane on the transducer surface. 3. Due to the stabilized membrane, the sensitivity of presented cholesterol biosensor is improved.
4. The wide range of cholesterol concentrations is detected by the proposed biosensor.
5. The biosensor is successfully applied in realtime sample analysis which strongly supported that the present biosensor could be used for the monitoring of cholesterol in real samples. However, without the stabilized lipid membrane, it is quite difficult to apply the biosensor for the detection of cholesterol with precise and accurate measurements.
6. The negligible response to the common interferents, demonstrates the good selectivity of the presented biosensor.
7. The detection limit of the present sensor is lower than that previously described.
